Abstract Research on aging characteristics of epoxy resin (EP) under repetitive microsecond pulses is important for the design of insulating materials in high power apparatus. It is because that very fast transient overvoltage always occurs in a power system, which causes flashover and is one of the main factors causing aging effects of EP materials. Therefore, it is essential to obtain a better understanding of the aging effect on an EP surface resulting from flashover. In this work, aging effects on an EP surface were investigated by surface flashover discharge under repetitive microsecond pulses in atmospheric pressure. The investigations of parameters such as the surface micro-morphology and chemical composition of the insulation material under different degrees of aging were conducted with the aid of measurement methods such as atomic force microscopy (AFM), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). Results showed that with the accumulation of aging energy on the material surface, the particles formed on the material surface increased both in number and size, leading to the growth of surface roughness and a reduction in the water contact angle; the surface also became more absorbent. Furthermore, in the aging process, the molecular chains of EP on the surface were broken, resulting in oxidation and carbonisation.
Introduction
In recent years, many large and sophisticated devices, such as the high voltage electric equipment, high power pulsed lasers, intense particle beam accelerators, and high-power narrow pulse microwave sources, are able to maintain their output voltage and power to a large extent while providing a narrow pulse at a relatively small volume and weight. For example, the compact microsecond power supply developed by Shao et al. has a pulse width of several microseconds and can be used for plasma production [1] . However, surface flashover is likely to occur on the insulating material surface because of the very fast transient overvoltage (VFTO): this has hindered the development of power equipment.
EP, which is essential for the insulation of a power supply, has been studied in the past, however, previous research into surface flashover of EP materials is more concentrated on that in environments filled with SF 6 [2−4] . As to surface flashover in the atmospheric, driven by pulse power, much research is confined to an examination of its electrical characteristics [5, 6] . In fact, high-energy charged particles, thermal effects, active substances, and ultraviolet radiation effects produced by surface discharge can damage the surface of the insulation, and may even lead to degradation of its surface [7, 8] . In recent years, advanced analysis methods including scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectrometry (XPS), and fourier transform infrared spectroscopy (FTIR), were used to study the micro-morphology and chemical composition of material surfaces before, and after, aging treatment. At present, all of these measurement techniques are applied to investigate material surface modification [1, 9, 10] , aging effects of composite material surfaces in an SF 6 environment [2, 11, 12] , and the process of aging and degradation of thin-film surfaces [13, 14] . Here, previous research methods were reviewed. Adopting EP as an insulating material, experimental * supported by the Natural Science Foundation of Hebei Province (No. E2015502081), National Natural Science Foundation of China (Nos. 51222701, 51307060), and the National Basic Research Program of China (No. 2014CB239505-3) samples, provided by the Shandong Taikai High-Voltage Switch Co., were used to produce a basin-type insulator, which has the micro-morphology and chemical composition of the material surface before, and after, surface flashover driven by microsecond pulses were investigated with the aid of measurement methods such as SEM, AFM, and XPS. Moreover, the relationship between the discharge energy of the surface flashover and morphology, as well as with the chemical composition of the material surface was explored. The results will also provide a reference for surface flashover in DC transmission equipment [15] .
Experimental set-up and measurement
In the experiments, as shown in Fig. 1 , the apparatus was used to test the surface flashover voltage and analyse discharge photos under microsecond pulses at atmospheric pressure. The pulsed power supply was home-made, and the generator produced repetitive high-voltage pulses of up to 40 kV, with a rise time of 0.5 µs, and a full width at half maximum of 8 µs.
The generator was the same as that described in details elsewhere [16] . The frequency of the power pulsing was controlled by a trigger modulator, which regulated the frequency over the range 1 kHz to 10 kHz. The finger electrodes, with a cambered edge in front of them were clipped onto the EP sample. In addition, a sample with a thickness of 2 mm, and measuring 50×50 mm was used. The amplitude of pulse provided by the pulsed power supply was measured by a high-voltage probe (Tektronix, P6015, 1000:1), discharge current was measured by a current monitor (Pearson, model 6595, 0.5 V/A) and both signals were recorded by digital oscilloscope (Tektronix, DPO 2024, 1 GS/s, 200 MHz). Flashover was detected by changes in the voltage and current, as well as by the light produced between the two electrodes. On the other hand, the discharge was captured by commercial digital camera (CANON-EOS 550D) through one of observation windows on the microscope (an ST-CV320). In this way, the electric arc was amplified and more easily observed. The camera was linked to a computer, then the exposure and aperture could be controlled, and the development, and track, of the flashover arc were recorded.
The aging experiments were also conducted on this apparatus: the pulse frequency was set to 100 Hz, the finger electrode spacing was 10 mm, the amplitude of the applied voltage was adjusted to 22 kV, and the aging times were 100 s, 200 s, and 300 s. After aging, the morphology and elemental composition of the EP surface were analysed by AFM, SEM, and XPS, from which the surface roughness was found along with evidence for the breaking of chemical bonds and the generation of new chemical groups.
3 Experimental results and discussion
Flashover characteristics under microsecond pulsing
When the applied pulse repetition frequency (PRF) was 100 Hz, the electrode gap spacing was 10 mm, and the pulse amplitude was 22 kV, the discharge phenomenon, as captured by the camera, is shown in Fig. 2 . The camera lens was located by the side of the sample board to provide a side-on view of the flashover path. It can be clearly seen whether, or not, the discharge would form along the EP surface, or in its bulk breakdown. The results showed that most of a discharge arc was produced from the nearest of the two electrodes, and then developed along the EP surface, but formed more than one discharge channel, regardless of the polarity of the pulsed power. From the photos, it was seen that a large percentage (about 20%) of flashover lift-offs were generated, which were always seen around the anode, and the lift-offs were independent of the polarity of the power supply. However, the final surface tracking was undesirable. This phenomenon matched the behaviour observed by Krile [2,17−19] in which the surface tracking was seen to vary widely depending on the dielectric material, and Teflon produced the largest percentage of flashover lift-offs. Therefore, research into lift-off in different materials' flashover discharge arcs was deemed useful when aiming to decrease the tracking damage caused thereby. For each flashover event, the applied voltage and discharge current waveforms were acquired and recorded, as shown in Fig. 3 . When positive or negative pulses were applied, the voltage waveform was characterised by a rise, followed by simultaneous sharp drops in voltage and flashover current. The discharge breakdown appeared at the moment the voltage increased, and then the voltage between the gap dropped rapidly to zero. During the discharge, the capacitance of the material surface played an important role influencing the current under the alternating, or pulsed, power: this caused the flashover current to become a sinusoidal oscillation which eventually decreased to zero. The amplitude of the discharge current peaked at about 130 A at the moment of breakdown, and this lasted for about 50 ns, decreased, and then changed to high-frequency oscillation once more. Flashover voltage is the voltage amplitude when the EP surface was broken down, and the discharge voltage is the voltage amplitude when the electrode gap was broken down. Usually, the discharge voltage is higher than the flashover voltage under a DC supply or a single pulse in atmospheric air. However, the behaviour differed under repetitive pulses. Huijuan Ran found that the flashover time lag, and amplitude of flashover current, change significantly with increasing pulsing frequency [20, 21] . Fig. 4 shows the relationship between flashover and discharge voltage under single and PRF situations at atmospheric pressure. It seemed that the two types of voltages were decreased by the addition of a pulse frequency. The discharge voltage was higher at low frequency (f <500 Hz), however, the flashover voltage was higher at f >1 kHz. This phenomenon may be explained in two ways: the charge gathered around the electrodes under PRF distorted the electric field around the three junction point, or, the EP sample between the two electrodes affected the distribution of the electric field, especially under a higher PRF. To investigate the relationship between the amplitude of flashover voltage and the ambient pressure under a single shot, different gaps (3 mm, 5 mm, and 10 mm) were tested. Fig. 5 shows that the flashover voltages all increased non-linearly with increasing gas pressure for each of the three gaps tested. This process could be divided into two stages: a slow increase, and a rapid increase. This indicated that the three flashover voltages were similar at pressures below 80 kPa, and the flashover voltage increased with increasing gap. Moreover, when the pressure exceeded 80 kPa, the flashover voltage increased sharply, which meant that it was harder to discharge. The main reason for this may have been that, as under atmospheric pressure, more air molecules prevented the movement of electrons produced by the cathode and decreased the changes occurring on the EP surface: it therefore required a higher electric field strength before reaching critical flashover conditions. 
The aging characteristics

Discharge energy of a microsecond pulse
To research the characteristics of the EP surface after different degrees of flashover damage, the experimental set-up seen in Fig. 1 was used to discharge on the EP at atmospheric pressure. The length of the electrode spacer was 10 mm in this experiment; the amplitude of the applied voltage was adjusted to 20 kV, and the PRF was 100 Hz. The power source was set to run for 50 s because a long-term flashover discharge may decrease the power of the source under repetitive pulses. The energy in a pulse can be calculated from its voltage and current waveforms (see Fig. 3 ). As shown in Fig. 6 , the instantaneous power is the product of the voltage and current at any given time. It can be seen that the instantaneous power reached a peak value (of MW magnitude) at the moment the flashover appeared, and dropped to near zero within tens of nanoseconds, which resulted in a narrow pulse. Then the energy in a pulse can be calculated by integrating the instantaneous power (see the solid line in Fig. 6 ). The energy in a pulse with an amplitude of 20 kV reached 85 mJ, so more pulses may lead to the pulse energy accumulating and damaging the EP surface. Then the surface micro-morphology, chemical composition, and insulating properties may change because of discharge-aging erosion. 
Morphological changes in an EP surface
AFM proved useful when observing the surface microstructure of the EP before, and after, different aging times. After different flashover discharges at aging times of 100 s, 200 s, and 300 s, the EP surface was exposed to different amounts of energy from the flashover discharge, namely 0.85 kJ, 1.7 kJ, and 2.55 kJ. Using the AFM with a scanning scope of 10×10 µm 2 , the changes in the material surface were as shown in Fig. 7 . The photographs showed that the surface microstructure of an aged EP sample had been eroded and that there were some novel features formed during various aging periods, which were more easily destroyed by high-energy particles and chemical contamination. Upon aging, as shown in Fig. 7(c) , the damaged surface was cracked and further erosion was imminent: the number of particles increased significantly, then aggregations thereof were formed. Furthermore, when the discharge energy reached to 2.55 kJ, the particles continued to grow, and some ravines were generated, which increased the roughness of the EP surface as shown in Fig. 7(d) . Fig.7 The surface microstructure of EP under different discharge energy
To investigate the specific changes to the EP surface, SEM observation was used to achieve a better resolution in areas of interest. Fig. 8(a) and (b) show the untreated EP surface at magnifications of 1000X, and 5000X. However, Fig. 8(c) shows the damaged surface, after the receipt of 0.85 kJ, at a magnification of 1000X. Surface-tracking damage was clearly visible under an optical microscope after this aging treatment, while no notable damage was found on the EP surface apart from some small particles on, or embedded in, the surface (most of which may have been the adsorbed impurities in powder form, the rest may have been alumina particles). Examination of the EP sample, by SEM, revealed significant damage at the electrode surface interface, as shown in Fig. 8(c) : spherical deposits were observed on the surface, and further erosion was imminent which would form deeper holes and cracks across the surface. All of these changes arising after the applied energy made the EP surface crumble, become more water-absorbent, and become softer.
Changes in surface roughness
As previous experimental results showed, the surface roughness of the material had a significant effect on the pulsed breakdown strength, so the roughness changes after different aging times were related to the insulating characteristics of the material [22, 23] . Here, the surface morphology of the EP surface before, and after, discharge aging at different energies was tested and, using AFM, the average roughness was obtained from the observed morphology. Four different positions were tested on each sample, and the average roughness was calculated (see Fig. 9(a) ). It was seen that the untreated surface was flat (see Fig. 7 (a)), with a roughness of approximately 54.3 nm. When flashover occurred on the surface, many small particles formed on the surface, then the roughness of the EP increased and continued to do so with increasing applied energy which was released on the surface. On the other hand, the water contact angle of the EP surface also changed as shown in Fig. 9(b) . The water contact angle decreased to 10.8 o , from 91.4 o , after 0.85 kJ had been applied. When the discharge energy reached more than 1.7 kJ, the EP surface became loose and water-absorbent because of the holes, particles, and cracks formed thereon. Furthermore, the water contact angle almost fell to zero.
Chemical composition changes on the EP surface
XPS was used to analyze the chemical composition of the EP samples before, and after, flashover aging treatment. Fig. 10(a) shows the XPS images of the pristine EP surface. It can be seen that the EP consisted of elemental C and O, both of which were significant constituents. Besides, weak Si peaks were also observed on the EP surface. The Si might have come from the doped impurity during material processing. In addition, Fig. 10(b) shows the XPS of a flashover discharge-treated sample at 0.85 kJ. After flashover treatment, Na was introduced to the sample surface. At the same time, the elemental C content decreased slightly compared to the untreated sample ( Fig. 10(a) ). However, the O content was further increased after flashover aging treatment at 0.85 kJ.
The fractions of C and O before, and after, aging treatment were calculated on the basis of the photoelectron peak area, as shown in Table 1 . For those samples treated at a flashover energy of 0.85 kJ , the percentage of O content increased from 25.6% to 36.3%, while the percentage of C content decreased from 55.2% to 47.3%, because of high-energy particles, radiation, and thermal effects produced by the flashover discharge on the EP surface at atmospheric pressure under microsecond power pulses, the surface of the sample began to degrade and produce free radicals, which combined readily with O 2 to form ROOH, then these were gradually transformed into smaller molecules. At same time, C=O and C−C groups on the EP surface changed because of flashover discharge, and were oxidized to carboxylic acids, ketones, aldehydes and other organic compounds. These groups eventually combined to form H 2 O, CO, and CO 2 gaseous molecules, which was one of the most important reasons leading to the C content decreasing, and the O content increasing. 
Conclusion
Based on the experimental results, and their subsequent analysis, for an EP surface, it was thought that flashover aging generated surface holes and cracks, and made a significant number of particles thereon. With increased aging time, more discharge energy was released on the EP surface, which made more, bigger, protruding particles appear thereon. The roughness of the EP surface increased and the surface became hydrophilic whereas it had originally been hydrophobic. On the other hand, a large number of chemical groups were produced, which finally caused oxidation reactions on the material surface, molecular chain fracture, a decreased C content, and an increased O content. In addition, large percentages of flashover lift-offs were found around the anode regardless of the polarity of the power supply. The flashover voltage under pulses with a repetitive frequency was lower than that under a single shot. The flashover and discharge voltages both decreased with the increasing repetition frequency.
